Abstract Many pregnant women smoke cigarettes during pregnancy, but the effect of nicotine on the developing human brain is not well understood, especially in young children. This study aims to determine the effects of prenatal nicotine exposure (PNE) on brain metabolite levels in young (3-4 years old) children, using proton magnetic resonance spectroscopy ( 1 H MRS). Twenty-six children with PNE and 24 nicotine-unexposed children (controls) were evaluated with a structured examination, a battery of neuropsychological tests, and MRI/ 1 H MRS (without sedation). Concentrations of N-acetyl compounds (NA), total creatine (tCR), choline-containing compounds (CHO), myo-inositol (MI), and glutamate+glutamine (GLX) were measured in four brain regions. Children with PNE had similar performance to controls on neuropsychological testing. However, compared to controls, the PNE group had lower MI (repeated measures ANOVA-p=0.03) and tCr levels (repeated measures ANOVA-p=0.003), especially in the basal ganglia of the girls (−19.3%, p=0.01). In contrast, GLX was elevated in the anterior cingulate cortex of the PNE children (+9.4%, p=0.03), and those with the highest GLX levels had the poorest performance on vocabulary (r=−0.67; p<0.001) and visual motor integration (r=−0.53; p=0.01). The amount of prenatal nicotine exposure did not correlate with metabolite concentrations. These findings suggest that PNE may lead to subclinical abnormalities in glial development, especially in the basal ganglia, and regionally specific changes in other neurometabolites. These alterations were not influenced by the amount of nicotine exposure prenatally. However, the effects of PNE on energy metabolism may be sex specific, with greater alterations in girls.
Introduction
Abnormalities in neurodevelopment and neurotransmitters due to prenatal nicotine exposure (PNE) are well documented in preclinical studies (Slotkin 2008) . However, data regarding how PNE might alter brain development in humans remain limited, especially in younger children who have not begun using nicotine or other drugs. Behavioral and cognitive studies of PNE demonstrate a dose-response relationship between maternal smoking rates and low birth weight , and more frequent spontaneous abortions (George et al. 2006; Shea and Steiner 2008) . One study of 1,872 infants found that mothers who smoked 10 or more cigarettes per day during pregnancy almost doubled the risk of their infants being non-babblers at 8 months of age (Obel et al. 1998) . PNE is also associated with deficits in cognitive development, attention deficit disorder, hyperactivity, and antisocial behaviors in children and adolescents (Kandel et al. 2009 ).
Few neuroimaging studies have evaluated the effect of PNE on the developing brain. On functional MRI (fMRI), adolescent tobacco smokers with PNE had greater nicotine withdrawal-related deficits in visuo-spatial memory than adolescent smokers without PNE (Jacobsen et al. 2007b) . PNE adolescents also showed microstructural abnormalities (elevated fractional anisotropy) in auditory pathways and frontal white matter (Jacobsen et al. 2007a) . Furthermore, sex differences in brain activation and task performance were found in children with PNE (Jacobsen et al. 2007c ). Specifically, girls showed lower accuracy on auditory and visual attention, especially those who had both PNE and had begun smoking (combined exposure), whereas boys with combined exposure had significantly greater deficits in auditory attention only (Jacobsen et al. 2007a ). Collectively, these three studies demonstrated possible deleterious effects of nicotine on the developing brain of adolescents with PNE. However, no neuroimaging data from younger children with PNE are available. Studying younger children makes it possible to eliminate the effect of current smoking, as is common in adolescents with PNE, and minimize the amount or duration of exposure to second hand smoking, which is also common in the households of children with PNE.
Prior studies of younger children with prenatal methamphetamine (METH) exposure showed abnormalities in brain metabolites, with elevated total creatine (Smith et al. 2001) and N-acetylaspartate (Chang et al. 2009 ). However, since mothers who use METH during pregnancy commonly also smoke cigarettes, it was difficult to separate the effects of in utero METH exposure from those of nicotine exposure. Therefore, the current study specifically evaluated whether (1) PNE, without significant exposure to METH or other drugs, is associated with brain metabolite abnormalities in young children (ages 3-4 years); (2) there are sex differences in brain metabolite abnormalities; and (3) the amount of nicotine exposure in utero is related to alterations in brain metabolites.
Materials and methods

Research participants
Fifty healthy children [26 with a history of PNE (age 46.7± 1.6 months) and 24 unexposed controls (age 46.0 ± 1.3 months)] were recruited from the local community. A written informed consent, approved by our institutional review board, was signed by the parent or legal guardian of each child. Detailed interviews were completed by the parent or primary caretaker to assess the child's birth and medical history, and the mother's drug use, medical history, and socioeconomic status, as described previously (Chang et al. 2009 ). Each child completed a structured medical and neurological examination, a battery of neuropsychological tests, and an MR study without sedation. All children fulfilled the following inclusion criteria: (1) male or female of any ethnicity, age 3-4 years; (2) parental willingness for the child to participate in the study; and (3) PNE group only-any maternal self-reported cigarette use during pregnancy. Exclusion criteria for both groups were (1) congenital or genetic neurological disorder, (2) premature birth (gestational age <36 weeks), (3) history of failure to thrive within the first year of life, (4) overt TORCH [Toxoplasmosis, Other (Treponema pallidum, varicella zoster virus, parvovirus), Rubella virus, Cytomegalovirus, and Herpes simplex virus] infection at birth or major neurological disorder since birth (e.g., bacterial meningitis, epilepsy), and (5) contraindications for MR studies. Additionally, a child was excluded if the mother met any of the following criteria: (1) age <18 years at the time of giving birth, (2) non-English speaking, (3) low cognitive functioning (estimated verbal IQ <80 on National Adult Reading Test) or institutionalized for retardation, (4) seropositive for HIV-1 during pregnancy, (5) history of psychiatric illnesses that may confound the outcome measures (e.g., schizophrenia or bipolar disorder with psychosis), (6) any confounding medical condition during pregnancy that could cause alteration in brain development, and (7) history of other drug dependence or abuse during pregnancy (including cocaine, methamphetamine, marijuana, alcohol, opiates, inhalants, LSD, PCP, and barbiturates). Two of the PNE subjects' mothers consumed <1 drink/day only during the first trimester, and one drank only on the weekends throughout her pregnancy. Two of the PNE subjects' mothers used a total of 18 and 29 marijuana joints during the first trimester only.
Neuropsychological tests
Each child was evaluated with a battery of neuropsychological tests to evaluate the following domains: (1) Global intelligence-Stanford-Binet Abbreviated Battery IQ (ABIQ), which provided an estimated IQ based on nonverbal and verbal test performance; (2) Fluid reasoningStanford-Binet Routing Non-Verbal, which evaluated the ability to recognize patterns in object and picture placement; (3) Vocabulary-Stanford-Binet Verbal, which assessed spoken vocabulary for objects, pictures, and words; (4) Naming and word retrieval-Expressive One Word Picture Vocabulary Test-Revised (EOWPVT-R), which had up to 143 items that assessed the child's abilities to name objects, actions, and concepts in illustrations, and provided an indication of the child's speaking vocabulary; (5) Comprehension/receptive vocabulary-Peabody Picture Vocabulary Test-Third Edition (PPVT-III) had up to 175 test items to measure auditory receptive language; (6) Visual motor integration-Beery Test of Visual Motor Integration (VMI) required the child to copy up to 24 increasingly difficult geometric figures; and (7) Visual attention/visuo-motor tasks-Developmental Neuropsychological Assessment (NEPSY) Visual Attention subtest evaluated visual scanning and attention, and psychomotor speed.
MR imaging and spectroscopy
MRI studies were performed on a Siemens Trio 3.0-T scanner, using an eight-or 12-channel head array radiofrequency (RF) coil. Scanning began with three orthogonal T1-weighted localizers (echo time/relaxation time or TE/ TR=5/20 ms, 10-mm slice thickness, 2-mm gap, 256-mm field of view or FOV), followed by a 3D magnetization prepared rapid acquisition by gradient echo [MP-RAGE, TE/inversion time (TI)/TR=4.47/1,000/2,200 ms, 7°flip angle, 1-mm isotropic resolution, GRAPPA with 2-fold acceleration). Next, a fluid attenuated inversion recovery sequence (TE/TI/TR=108/2,500/9,750 ms, 3-mm slices, no gap, 220-mm FOV, GRAPPA with 2-fold acceleration) was performed to screen for any brain pathology.
Localized
H MRS
Next, voxel locations were prescribed from the coronal, transverse, and sagittal MP-RAGE images. Spectroscopic data were collected from four brain regions: right frontal white matter (FWM, 5.8 cm 3 ), medial frontal gray matter at the anterior cingulate cortex (ACC, 8 cm 3 ), bilateral thalamus (7.2 cm 3 ), and right basal ganglia (5.4 cm 3 ) (see Fig. 1 ). Anatomical landmarks were used to ensure consistent placement of voxels. A Point RESolved Spectroscopy (PRESS) acquisition sequence (echo time/relaxation time=3,000/30 ms, 48 averages, 2.6 min per location) was used. Metabolite concentrations corrected for the partial volume of cerebrospinal fluid were determined using the unsuppressed water signal from each voxel as a reference by measuring the T2 decay of the unsuppressed water signal from the PRESS experiment at 10 different TE and two TR values (Ernst et al. 1993; Kreis et al. 1993a) . The spectral and water data were preprocessed in IDL to eventually achieve absolute quantitation. Spectral fitting was performed using the LCModel program (Provencher 1993) to determine metabolite concentrations of N-acetyl compounds (NA), total creatine (tCR), choline-containing compounds (CHO), myo-inositol (MI), and glutamate +lutamine (GLX). The LCModel basis data set included spectra from major macromolecules and lipids. Furthermore, the percentages of gray and white matter in each voxel were determined from the MP-RAGE images, and used as covariates during statistical analyses to correct for possible differences in gray-white matter proportion in voxels among subjects and groups.
Only 68% of the children could complete the study in one session. The primary reason for not completing the study was excessive head motion. The remaining 16 children (nine controls, seven PNE) required either one (eight controls, seven PNE) or two additional repeat scanning sessions to complete the protocol. There were no differences between subject groups in their spectral line width (full width at half maximum) in any of the four brain regions. However, the PNE group had lower signal-to-noise ratio in the ACC (−16%, p<0.001), FWM (−12%, p=0.04), and thalamus (−17%, p=0.006) compared to the unexposed controls.
Data analysis
Statistical analyses were performed using SAS version 9.1 (SAS Institute Inc., Cary, NC, USA). Repeated measures analysis of variance (ANOVA) was used to assess the effect of PNE on each metabolite across the four brain regions, and post hoc t tests were then used to compare metabolite concentrations in each voxel between the two groups. Multiple linear regression was performed to examine PNE interactions with age and gender, and to adjust for potential confounders. Pearson or Spearman correlations were used to examine the relationships between clinical variables and metabolite levels that showed significant group differences. In all analyses, a two-sided p value<0.05 was considered significant. The Bonferroni procedure for multiple comparisons was used in the primary analysis with repeated measures. Post hoc t tests as well as relationships with age, gender, and other clinical variables were considered exploratory and therefore not corrected for multiple comparisons.
Results
Subject characteristics
Clinical characteristics of the research participants are shown in Table 1 . The two groups had similar height, weight, and head circumference. The PNE children had slightly lower birth weights (p=0.07) with similar birth length, and hence lower BMI (p=0.02), despite greater maternal weight gain of PNE mothers during the pregnancy (p=0.02). The greater maternal weight gain in the smokers might be related to the successful smoking cessation in some of these mothers since two (8%) of the mothers stopped smoking by the second trimester and seven more mothers (total nine or 35%) stopped smoking by the third trimester. Primary caregivers of PNE children had poorer Hollingshead Index of Social Position (p =0.03) and showed trends for fewer years of education and lower verbal IQ. On average, the PNE children were exposed to nicotine cigarettes during most of the pregnancy (2.6±0.01 trimesters) but had minimal exposure to marijuana. Both groups had similar and minimal exposure to alcohol. Both groups performed similarly on the cognitive tests (Table 2) ; however, the PNE children tended to score lower on the NEPSY Attention task (p=0.06). Only one Nicotine subject lived with adoptive parents, and all Control children lived with their biological parents.
MRI and metabolite abnormalities in PNE children All brain MRI scans were reviewed by a neurologist (L.C.) to ensure that there were no structural abnormalities. Across the four brain regions, PNE children showed lower tCr (p=0.003) and MI (p=0.03) than unexposed children (using repeated measures ANOVA). After Bonferroni correction, tCr remained significant at the 0.01 level (0.05/5 metabolites). However, decreased tCr concentrations in PNE children were significant only in the basal ganglia and thalamus due to an interaction between region and PNE status (p=0.03 for interaction).
In post hoc analysis, PNE children had lower tCr (−8.8%, p=0.003) and lower MI (−11.7%, p=0.02) in the basal ganglia compared to controls (Fig. 1, Table 3 ). Children with PNE also had lower tCr (−7.9%, p=0.03) (1) anterior cingulate cortex (ACC), which contains primarily gray matter at the anterior and medial portions of both cingulate cortices across both hemispheres and above the anterior portion of the head of caudate; (2) frontal white matter (FWM), which is confined to white matter in the right frontal lobe at the same level as the ACC; (3) right basal ganglia (BG), which contains the central portions of the putamen, the globus pallidus, and some portion of the body of the caudate; and (4) thalamus (THAL), which is confined to the gray matter structure and spans across both hemispheres, posterior to the BG voxel. Bottom left: representative MR spectrum from the frontal white matter, showing well-defined peaks for each of the brain metabolites measured (NA N-acetylaspartate, GLX glutamate +glutamine, tCr total creatine, CHO choline-containing compounds, MI myo-inositol). The solid line shows the fitted spectrum from LCModel. Right panel: brain metabolite concentrations in the four brain regions (also see Table 2 ) are shown for each of the metabolites of interest. The brackets indicate metabolite values that are significantly different, or show a trend for significance, between the two groups. Lower tCr and MI, and to a lesser extent CHO and NA, are found in the basal ganglia of the PNE children compared to the unexposed controls. Total creatine and trends for NA are also lower in the THAL. However, in the anterior cingulate cortex region, GLX and to a lesser extent CHO are elevated in the PNE children relative to the controls in the thalamus. In contrast, in the ACC, GLX was higher (+9.4%, p=0.03) in the PNE compared to unexposed children. Excluding the one subject with the light but highest alcohol exposure, the findings remained the same (basal ganglia tCr, p=0.004; basal ganglia MI, p=0.03; frontal gray matter GLX, p=0.03; thalamus tCr, p=0.03). Results were similar after covarying for the gray-white matter proportion in each voxel or for gender, birth BMI, socioeconomic status of the primary caregiver, maternal weight gain, and caffeine intake (one covariate at a time in all models); the p value for basal ganglia tCr ranged from 0.002 to 0.007. Alternatively, when all the covariates were included in the model and variables were removed starting with the least significant ones, only the PNE effect remained significant for basal ganglia tCr. CHO levels in the ACC showed age-dependent decline in the control children (r=−0.52, p=0.02), but not in PNE children (age×PNE status interaction, p=0.02; Fig. 2 ). The ACC MI showed a similar trend for lower levels in the older controls (r=−0.42, p=0.06) but not in PNE children (age×PNE interaction, p=0.09). The GLX level in the thalamus showed a positive relationship with age in the controls (r=0.34, p=0.12) but a negative relationship in the PNE children (r = −0.29, p = 0.17; age×PNE status interaction, p = 0.05). However, both groups showed a negative relationship with age and CHO in the FWM (r=−0.33, p=0.03). No group difference in N-acetylaspartate (NAA) was observed, with only trends for lower levels of NAA in the thalamus and the basal ganglia.
Sex differences in PNE effects were observed in basal ganglia tCr (Sex×PNE status interaction, p=0.0028). In fact, the lower tCr concentration observed in the PNE children was due primarily to the lower levels in the female PNE children compared to female controls (−19.3%, p=0.01; Fig. 2 ).
Correlations between metabolite abnormalities, cognitive tests, and amount of cigarettes used On neuropsychological tests, PNE children with higher GLX levels in the ACC scored worse on the EOWPVT-R (r=−0.67, p<0.001) and VMI (r=−0.53, p=0.01). In contrast, the unexposed group did not show correlations between these measures (interaction p values<0.05, Fig. 3 ).
There were no correlations between metabolite levels and gestational nicotine exposure measures (total number of cigarettes smoked during pregnancy, the average number of cigarettes smoked per day during the pregnancy, or the duration since last in utero exposure to nicotine). Furthermore, we found no correlations between the metabolite concentrations and the amount of cigarettes smoked by mothers after the children were born (second-hand smoke). 
Discussion
A group of young children with prenatal nicotine exposure had lower tCr and lower MI levels than unexposed children, especially in the basal ganglia, which suggests abnormalities in glial development. The lower tCr concentration in the basal ganglia and in the thalamus also indicates abnormalities in energy metabolism in these regions. The lower basal ganglia tCr was significant in girls but not boys, suggesting that girls may be more vulnerable to the effects of PNE. These metabolite abnormalities are found despite relatively normal cognitive performance in the PNE children, except for a tendency for poorer attention. Therefore, these findings suggest subclinical neurometabolite abnormalities in this group of young children with PNE.
Metabolic alterations in children with PNE Since MI measured with MRS is a putative glial marker (Brand et al. 1993) , lower MI suggests reduced glial content or altered glial development. In humans, MI levels in newborn infants are typically high and rapidly decline with age toward levels similar to those in adults by 2-3 years of age (Kreis et al. 1993b) . Therefore, lower MI levels in young children with PNE, especially in the basal ganglia, may reflect an accelerated but altered glial development. Likewise, lower tCr might in part be due to lower glial content since the tCr concentration is approximately 3-fold higher in glia than in neurons (Brand et al. 1993) . Such altered glial development might be due to nicotine's effects on astrocytes and oligodendrocyte precursor cells, which have functional nicotinic receptors (Hosli et al. 2001; Rogers et al. 2001) . In vitro studies of isolated neonatal rat optic nerve treated with nicotine indeed showed irreversible disruption of signal conduction in glia but not in neurons (Constantinou and Fern 2009) . The notion of altered glial development in the PNE children is supported further by a trend for higher CHO and the lack of age-related decline in CHO in the ACC of the PNE children compared to unexposed controls. The CHO peak on MRS reflects metabolites involved in cell membrane metabolism, and is two to three times higher in glia, such as oligodendrocytes, than in neurons (Urenjak et al. 1993 ). The higher CHO in the ACC may also be due to greater cellularity and possible delayed cellular reorganization, as seen in preclinical studies of rodents and nonhuman primates treated with nicotine (Roy et al. 2002; Slotkin et al. 2006a ). These findings with CHO levels suggest a delay in cellular reorganization in the PNE group, and are consistent with findings in adult tobacco smokers who began smoking in adolescence and showed a positive correlation between their pack years of smoking and ACC CHO levels (Gallinat et al. 2007 ). However, unlike the adult smokers, we did not observe a correlation between CHO concentrations and the dose of nicotine exposure (i.e., from the amount of gestational nicotine exposed).
Furthermore, glutamate+glutamine (GLX) in the ACC was altered in children with PNE, with higher levels being associated with poorer performance on vocabulary and visual motor integration. Like higher CHO levels, elevated GLX may reflect increased cellularity and metabolism in this brain region. However, nicotine can also directly influence the glutamatergic system (Broide and Leslie 1999) , particularly disrupting NMDA receptors in the auditory cortex of rodents (Aramakis and Metherate 1998; Aramakis et al. 2000; Hsieh et al. 2002) . Furthermore, human studies in periadolescents with PNE found microstructural (DTI) abnormalities in the genu of the corpus callosum, near the ACC, and in the auditory pathway (Jacobsen et al. 2007a) , as well as deficits in auditory attention (Fried et al. 1997 (Fried et al. , 2003 Jacobsen et al. 2007c) . Therefore, the association between higher GLX in the ACC and poorer vocabulary in our children with PNE might be related to poorer auditory processing. Future studies evaluating the relationship between GLX in the ACC and auditory pathways or function are needed.
Another study that used MRS to evaluate GLX in 16 alcohol-dependent men during a monitored abstinence period, at approximately 1 week and 1 month of Fig. 3 Negative relationships of ACC-GLX levels with vocabulary (EOWPVT-R score, left scatter plot) and with visual motor integration (right scatter plot) are observed in the PNE group, but not in the nonexposed children. The ANCOVA p value reflects the significance of the interaction between PNE status and ACC GLX on outcome measures medication-free sobriety, also found higher GLX, but normal NAA levels, in smokers than non-smokers (Mason et al. 2006) . However, the investigators did not provide data for these individuals' history of PNE. They also did not find group difference on brain CHO between smokers and non-smokers. Contrary to this study and to our study of young children with PNE, another preliminary study of nine women who participated in a smoking cessation program found that those who "slipped" and resumed smoking had lower brain glutamate/tCr level in the ACC, but also normal NAA level, compared to those who remained abstinent (Mashhoon et al. 2011) . Given the small sample size of these studies and the difference in the developing brain of young children compared to the matured adult brain, the effects of nicotine on neurometabolites are not comparable between these populations. Nevertheless, both the adult smoker studies and ours demonstrate that the glutamatergic system may be affected by nicotine. Finally, since the ACC is a critical node in the neural network for attention and executive function, ACC abnormalities might lead to future deficits in these cognitive domains. We indeed observe poorer attentional abilities in these young children, but the effect was not significant, perhaps due to the relatively small sample size. Deficits in visual and auditory attention as well as in verbal and working memory are also well documented in adolescent tobacco smokers (Jacobsen et al. 2005) ; those with additional PNE had even greater cognitive deficits and abnormalities on functional MRI than smokers without PNE (Jacobsen et al. 2007c ).
Sex differences
Lower tCr in the basal ganglia was found in girls, but not boys, with PNE. Likewise, in utero exposure to methamphetamine affected brain metabolism in girls more than boys; however, girls with prenatal methamphetamine exposure showed elevation of the frontal white matter neuronal marker NA and tCr (Chang et al. 2009 ). The greater vulnerability of girls than boys to the effects of PNE is also consistent with a prior fMRI study that found reduction in both visual and auditory attention in female adolescent smokers with PNE, but only deficits in auditory attention in the males (Jacobsen et al. 2007c) . Furthermore, PNE resulted in lower hemicholinium-3 (HC3) binding to the choline transporter in striatum of female rats (Slotkin et al. 2007 ) and lower 5-HT receptor binding in female, but not in male rats (Slotkin et al. 2006b ). Understanding these sex differences in the effects of PNE is important since PNE might predispose individuals to nicotine use, particularly young women (Kandel et al. 1994) .
The relatively young age (3-4 years) of our children allowed us to reduce potential environmental effects on brain development after birth or longer periods of exposure to second-hand smoking which would occur in older children, and also to minimize variance in brain measures due to age. However, the relatively narrow age range also makes it more difficult to determine age-associated changes. Furthermore, despite our efforts to match the socioeconomic status of the two subject groups, the PNE group had poorer index of social position, which might have impacted these children's brain development.
Overall, similar to children with prenatal methamphetamine exposure (Chang et al. 2009 ), the current group of children with PNE had higher GLX in the ACC, which suggests altered neuronal metabolism in this region. However, unlike the children with prenatal methamphetamine exposure (Chang et al. 2009 ), our children with PNE did not show higher levels of neuronal marker NAA, but had trends for lower levels in the thalamus and the basal ganglia. NAA was found to be lower in the frontal white matter of adult smokers who were also recovering alcoholics (Wang et al. 2009 ) but not in the other studies of adult men or women smokers (Mason et al. 2006; Mashhoon et al. 2011) . Therefore, our findings are consistent with studies that found no evidence of neuronal loss (cell numbers in adult rats) in hippocampus or cerebellum after exposed to nicotine prenatally or both prenatally and postnatally (Chen et al. 2006 ). Although we did not observe the most severe form of brain injury, with neuronal loss, the absence of age-related decline in CHO in the ACC may indicate a delay in cellular reorganization in the PNE group. Furthermore, lower MI and tCr in the PNE children suggest abnormalities in glial development and energy metabolism. These abnormalities could reflect a cellular response to brain insult, such as the exposure to nicotine smoking, which may be subclinical since these children did not have significant abnormalities on cognitive performance, but only trends for poorer attention. However, the subclinical effect in this group of young children may not apply to all children with PNE. Girls with PNE had greater alteration in brain metabolites than boys, similar to findings in methamphetamine-exposed children; however, the detailed patterns of metabolite alterations differ between PNE and prenatal methamphetamine exposure.
Future studies should compare brain metabolite levels in young children with those in neonates with PNE since neonates have even less or no second-hand smoke exposure. Given the difficulty of imaging young children or infants without sedation, the development of motioncompensated imaging techniques is needed to allow studies of brain development in even younger children or in neonates without second-hand smoking. Longitudinal follow-up evaluation of our young children is ongoing and will allow determination of whether the abnormalities found on the initial examination will persist or normalize with continued development, and if the metabolite alterations affect cognitive or behavioral measures when these children are older. Likewise, long-term longitudinal follow-up would make it possible to determine whether other sex differences on brain development might emerge since others have postulated that the inhibition of aromatase by nicotine, which disrupts estrogen synthesis by the placenta, may interfere with sexual differentiation in the male brains and may change the timing of puberty in adolescent boys with PNE (Fried et al. 2001) . Correlation of our MRS findings with other brain imaging measures, such as morphometry or DTI, will provide further assessments of how brain development is altered by PNE.
